The oxidation of benzoic acid (BA) and of 4-hydroxybenzoic acid (4-HBA) by galvanostatic electrolysis with simultaneous oxygen evolution, using BDD or Pt as anode materials is studied. Results concerning the oxidation kinetics as well as the identification and quantification of hydroxylated products are reported. First order kinetics are used to describe the consumption rates of both compounds despite of the anode material and of the applied current density. A simple kinetic model that accounts for the anode surface coverage by HO radicals is proposed. Based on this model it is possible to correlate the apparent rate constant of the organic consumption with kinetic parameter related to the organics reactivity and to the degree of the adsorption of HO radicals to the anode surface.
Introduction
Hydroxyl radical (HO • ), the most reactive species among oxygen radicals, is quite relevant in different fields, such as organic synthesis [1] , oxidative stress studies [2] and environmental applications [3] . Reactions The addition mechanism of HO  was described as involving hydrogen atom abstraction and fast nucleophilic addition with the formation of a hydroxycyclohexadienyl radical that undergoes different reactions depending on the medium composition [6] .
The production of HO radicals is an important issue that can be achieved by different approaches. Pulse radiolysis and flash photolysis are among the cleanest and most reproducible methods, yet their use is rather limited as the equipments required are not accessible to most research laboratories. In opposition, chemical methods based on disproportionation of peroxynitrous acid or on decomposition of hydrogen peroxide by metal ions, known as Fenton [7] or Fenton-like reactions [8] are the most spread method despite of fundamental questions concerning the enrollment of reagents in the oxidation process. A modification of the classic Fenton reaction, allowing for a controlled production of hydroxyl radicals, was achieved by electrochemical means. The electro-Fenton reaction allows for the generation of HO radical in a controlled manner by adjusting the homogeneous production of hydrogen peroxide and Fe(II) by means of the electrochemical reduction of oxygen and Fe(III), respectively [6, 9] . Hydroxyl radicals are also formed by direct electro-oxidation of water as mediators of oxygen evolution reaction (Eqs. (1) and (2) ). Although radicals formed by this process are adsorbed at the anode surface they can be involved in reactions with organic compounds as expressed by Eq. (3) [10] : Most of the work concerning the electrogeneration of hydroxyl radicals is aimed to the detoxification of effluents [11, 12] where it is envisaged the total combustion of organic material. The reported experimental conditions include high oxidation power anodes, such as Sb-SnO 2 [13] , PbO 2 [14] or BDD [15] , high current densities, long electrolysis times and undivided electrochemical cells. Under these conditions an efficient decrease of the chemical oxygen demand (COD) is usually attained as CO 2 is formed in a yield approaching 100% [3, 16, 17, 18] . The benefits associated to this method of producing of HO radicals are important due to the simplicity of the required instrumentation and also because it does not require the use of any specific reagent.
Despite its great success in environmental applications, the use of this method has not been explored in other important areas such as organic synthesis or oxidative stress studies.
This paper aims to demonstrate the potentiality of this method of production of HO radicals for other application besides the elimination of organics. Experiments were performed in experimental conditions that were selected to minimize the contribution from secondary reactions and from cathodic reactions, like low concentrations of organics, short electrolysis times and a two-compartment electrochemical cell. Benzoic acid and 4-hydroxybenzoic acid were chosen as model compounds as they are frequently used for characterizing HO radicals mediated reactions.
Experimental 4

Chemicals
All reagents employed were of analytical grade: 3-hydroxybenzoic acid (3-HBA), Phosphate buffer pH 7.0 was prepared by mixing adequate amounts of dipotassium hydrogen phosphate with potassium dihydrogen phosphate, whereas phosphate buffer pH 3.5 was prepared using potassium dihydrogen phosphate and phosphoric acid. The concentration of the buffer solutions was 0.15 M.
Electrochemical measurements
Voltammetric measurements and galvanostatic electrolyses were performed using a potentiostat (Autolab type PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided by Ecochemie. 
Cyclic voltammetry
Electrolyses
Galvanostatic electrolyses were carried out at 50, 268, 625 and 1250 A m -2 in a two compartments cell separated by a glass frit membrane. [19] . Before each experiment anodes were electrochemically cleaned by applying a constant current according to its nature.
The Pt anode was cleaned using 0.02 A in a 0.1 M phosphate buffer pH 3.5 during 600 s, whereas the BDD anode was cleaned using -0.01 A in a 0.1 M phosphate buffer pH 7.0 for the same period of time.
Apparent constant rate was determined by the average values of at least two electrolysis and its uncertainty was estimated through the standard deviation of the slope of the straight-lines Eq. (5).
HPLC
The reactions were monitored both by the concentration decrease of BA or of 4-HBA along time and by the quantification of hydroxylated products formed at 360 s.
Hydroxylated compounds were selected as relevant reactive products as they are known to be the main products formed in the presence of oxygen, as demonstrated for BA reaction with HO radicals generated by radiolysis [20, 21, 22] , by photochemistry [23, 24] and by electro-Fenton reaction [25] . These products have also been detected as intermediaries in the photocatalytic degradation of BA induced by TiO 2 [26] , in photo-Fenton oxidation of BA and in electrochemical oxidation of BA using BDD [18, 27] .
HPLC analyses were performed using a Jasco, PU-2080 Plus system equipped with a RP 18 column from Grace Smart (250 mm x 4.6 mm, 5 μm particle size) and Clarity HPLC software from Jasco. A flow rate of 0.6 ml min -1 and a loop of 20 μl were used. A mixture of methanol: water: phosphoric acid (60:39:1) (v/v) was used as mobile phase.
The detection was made at 230 nm and the quantification was performed using standard curves for each substance.
Results and discussion
Voltammetry of benzoic acid and of 4-hydroxybenzoic acid at Pt and at BDD electrodes
The voltammetric responses of BA and of 4-HBA in phosphate buffer pH 3.5 at BDD and at Pt electrodes are presented in Fig. 1 A and B , respectively. The voltammogram of BA using BDD displays a not well-defined peak whereas the voltammogram of 4-HBA shows a well-defined peak at lower potentials. This result shows that the presence of the hydroxyl group in the aromatic ring favors the electron transfer reaction. Besides, these reactions are not reversible and the products formed tend to block the electrode surface decreasing the current in sequential runs (results not shown), as it was previously reported [18, 28] . 
Galvanostatic electrolysis
Two sets of galvanostatic electrolyses of BA (0.50 mM) were conducted in 0.15 M phosphate buffer pH 3.5 using either a BDD anode (A = 3.0 cm 
where, A is the anode area, V is the volume of the solution in the anodic compartment, t is time and k app is the apparent rate constant that characterizes the consumption of BA. While Eq. (4) is the most common form of expressing the concentration variation with time, we chose to represent our data by Eq. (5) to normalize the concentration ratio by the anode area in order to eliminate this variable that would induce changes in the slopes due to the difference of the areas of the anodes. As V is the same for all experiments carried out with both anodes, the value of the slopes can be compared directly as a measure of k app . The slopes of the two straight-lines presented in Fig. 2 The lower value obtained for Pt cannot be attributed to a partial blockage of this anode surface as the simultaneous oxygen evolution keeps the anode surface unobstructed.
Therefore, this result indicates that k app depends strongly on the anode nature.
Furthermore, the fact that BA oxidation is more effective when BDD is used, can be explained by the larger reactivity of this material for HO  mediated oxidations. Comparing the slopes obtained for both compounds for the same anode material it can be concluded that k app is related to nature of the organic compound. Furthermore, differences between k app values are in agreement with the reactivity of the organic compounds, as k app values are larger for 4-HBA (either using Pt or BDD) which is consistent with the larger reactivity of 4-HBA for electrophilic attack by HO  [6, 30] .
Besides, it can be notice that there is a differentiating/leveling effect concerning the anode oxidation power when BA or 4-HBA is used. The less reactive compound discriminate the oxidation power of the two anodes, while 4-HBA, the most reactive compound, is consumed with similar rates at both anodes. Table 1 . The fact that BDD seems to produce fewer hydroxylated compounds and at lower concentrations can be related to the higher activity of this anode material that might favor further oxidation of products into other forms, such as quinones, aliphatic acids and even CO 2 .
Current density effect on the rate of organics oxidation
Analysis of hydroxylated products
On the other hand the increase of current density favors the formation of higher concentrations of hydroxylated products when Pt is used, while for BDD the concentration of products are similar for both current densities, even though higher amounts of the initial organic compound have been consumed. As a global trend the yield of hydroxylated species tend to decrease with the increase of current density indicating that hydroxylated products must be further oxidized.
Kinetic model for organics reaction with electrogenerated HO radicals
A quantitative analysis of the electrogenerated HO radicals reactions with organics must take into account the set of processes described by Eqs. (1)- (3), as previously demonstrated by Comninellis et al. [17, 31] . If the organic consumption occurs solely by reaction with the HO radicals its rate of reaction can be expressed by the following rate law:
where, v R (mol m ( 1)) and of consumption of HO radicals, either in the formation of O 2 (Eq. (2)) or in the organics reaction (Eq. (3)). Considering that steady-state conditions are attained, an equilibrium is established between the rate of formation and the rates of consumption of these radicals:
where v HO • is the rate of formation of HO radicals by water dissociation (Eq. (8)) and v O 2 the rate of formation of O 2 (Eq. (9)) and n is the number of HO radicals used in the reaction with the organic compound:
From Eqs. (6) to (9) the surface concentration of HO radicals at the anode can be expressed by:
The dependence of the surface coverage with the applied current and with the rate constants of the reactions described by Eqs. (2) and (3) was previously described by an equation similar to Eq. (10) [17, 31] .
Following Eq. (10) the rate of the organic consumption can be expressed by:
or by:
Therefore the apparent rate constant can be defined as:
This equation predicts that the rate of the organics consumption is related with the rate constant of O 2 formation, with the rate constant of the organics reaction, with the organics concentration and also with the number of HO radicals used in the organic reaction. Two limiting situations can be define depending on the relative magnitude of
For n
Therefore, for higher concentrations of organics Eq. (14) predicts that the apparent rate constant is a function of the applied current, of the organics concentration and of the stoichiometric coefficient of the HO radical in Eq. (3). Under these circumstances k app does not depend on the organics reactivity, k R . This approximation can also be attained by disregarding the first term of Eq. (7), which means that the anode coverage by HO radicals depends entirely on the balance between the formation of HO  and its use by the organics oxidation. Furthermore, the organics oxidation rate is predicted to follow a zero order reaction (v R =i/nF).
In opposition, for low concentrations of organics the apparent rate constant given by Eq. (15) ). The deviation of k app from the two limiting situations described by Eq. (14) and Eq. [R] conv is the concentration of R that was converted to products and [P] is the concentration of each identified hydroxylated product. (Fig. 4 B) is considerable for higher values of the ratio k O 2 /k R despite of the concentration. In opposition, for 5 mM solutions deviations lower than 10% can
On the other hand the deviations of k app to (k app ) 1 (Fig. 4 C) tend to decrease for the higher k O 2 /k R , namely deviations lower than 10% are obtained
The deviation between k app and (k app ) 1 for a concentration of 1 mM as a function of current density is illustrated in Besides the effect of the current density on k app related to the increase of the electrode surface coverage by HO radicals, the current increase can bring additional consequences related to the mass transport efficiency. The oxygen evolution leads to the formation of small bubbles at the electrode surface which produces an additional source of convection that will certainly disrupt the diffusion layer. Therefore the current density increase can lead to an increase of the mass transport rate. Two different situations can arise depending on the existence or not of a concentration polarization at the electrode surface. In the first situation the increase of current density will affect the concentration gradient, Following the above development and considering that our experimental results followed first order kinetics, values of k R /k O 2 were estimated from the experimental k app of BA and of 4-HBA obtained using Pt or BDD at different current densities ( Table 2 ).
The ratio between the rate constants of the two organic compounds, k 4 
Conclusions
The oxidation of BA and of 4-HBA by galvanostatic electrolysis with simultaneous oxygen evolution, using BDD or Pt as anode materials are examined. The products formed from the oxidation of the two organic compounds at the two anodes include hydroxylated derivatives that are typical of HO radicals reactions. The yields of hydroxylated products were rather low for BDD as compared with those obtained when calculated reactivity ratio k 4-HBA / k BA is higher than 1 as expected due to the higher reactivity of the hydroxylated derivative. Furthermore, a higher ratio is obtained for experiments carried out with platinum, which is also likely to occur due to the higher adsorption strength of HO radicals at this material, allowing for a better differentiation of the reactivity of organics.
